Nitrification Inhibitors and Granular Urea
Urea, after nitrification, is subject to loss from soil via leaching and denitrification. Amending the fertilizer with a nitrification inhibitor can reduce these losses (reviews include Chen et al., 2008; Chien et al., 2009; Hauck 1985; Scharf and Alley, 1988; Slangen and Kerkhoff, 1984; Watson et al., 2009 ). Alterations to urea such as increased granule size, or other localization methods such as nesting or banding have proven successful in slowing nitrification and reducing loss of N Nyborg, 1985, 1988; Savant et al., 1982) . Historically, the nitrification inhibitor most commonly used with granular urea is DCD (Amberger, 1989; Hauck, 1985; Slangen and Kerkhoff, 1984) . The combination of increased granule size with the addition of DCD can produce urea granules with a slow nitrification rate in the field (Goos and Johnson, 1993; .
Nitrapyrin is well established as a nitrification inhibitor, beginning with the study of Goring (1962) . However, due to its volatile nature, its use was traditionally limited to fertilizers that are injected into the soil, such as anhydrous ammonia (Hendrickson et al., 1978; Randall et al., 2003; Touchton et al., 1978) , aqua ammonia , or ureaammonium nitrate fertilizer (UAN, Goos and Johnson, 1992) . Recently, a microencapsulated nitrapyrin has been developed (Wilson et al., 2013) with lower volatility, which allows for its application on granular urea. The product is called Instinct (Dow Agrosciences, Indianapolis, IN). Use of Instinct as a fertilizer additive has been shown to increase crop N uptake efficiency and reduce nitrous oxide emissions from soil (Burzaco et al., 2014; Omonode and Vyn, 2013) .
Nutrisphere-N is claimed to be a nitrification inhibitor. Sanders et al. (2010) suggested that the MIP in Nutrisphere-N inhibits nitrification by inhibiting enzymes such as ammonia monooxidase. Ammonia monooxygenase is a membranebound Cu-containing enzyme involved with the first step of ammonium oxidation in soils by nitrifiers such as Nitrosomonas (Kandeler et al., 2011; Hooper et al., 1997) . Urea granules or a urea solution treated with Nutrisphere-N did not nitrify more slowly than urea alone in incubation trials (Franzen et al., 2011) .
The literature on Nutrisphere-N is mixed as to its value as a fertilizer additive. Some studies have reported crop yield increases (Gordon, 2014; Heiniger et al., 2014; Maharjan et al., 2017; Wiatrak, 2014; Wiatrak and Gordon, 2014) , while others have shown little effect on crop production or N transformations (Cahill et al., 2010; Chien et al., 2014; Connell et al., 2011; Edmeades and McBride, 2012; Forrestal et al., 2016; Franzen et al., 2011; Harty et al., 2017; Henning et al., 2013; Norton, 2011) . Peng et al. (2015) measured a reduction in nitrate leaching from soil columns when UAN was treated with Nutrisphere-N.
NZone is claimed to reduce losses from leaching and denitrification (AgXplore, https://tinyurl.com/nzone-brochure) but Rajkovich et al. (2017) found that adding NZone to UAN had no effect on nitrification in an incubation study with three soils.
Another granular product available to farmers as a slow-nitrifying material is SuperU (Koch Agronomic Services, Wichita, KS), a cogranulation of urea, DCD, and NBPT Sutton, 2016, 2017; Weston et al., 1994) . SuperU has been widely evaluateed, and shown to reduce nitrous oxide emissions from soil (for a meta-analysis, see Eagle et al., 2017) . The second objective of this study was to evaluate Nutrisphere-N, NZone, Instinct, and SuperU as nitrification inhibitors for granular urea.
mAtErIAls And mEthods urea hydrolysis Experiment
A laboratory study with three soils was performed. The soils were a Renshaw soil (fine-loamy over sandy or sandy-skeletal, mixed, superactive, frigid Calcic Hapludoll) derived from glacial outwash, a calcareous Glyndon soil (coarse-silty, mixed, superactive, frigid Aeric Calciaquoll) derived from glacial lacustrine deposits, and a Nicollet soil (fine-loamy, mixed, superactive, mesic Aquic Hapludoll), derived from glacial till ( Table 1 ). All soils were collected in the field, air dried, and crushed to pass a 2-mm sieve.
Commercial-grade urea granules were used. The granules were sieved, and granules passing a 3.3-mm sieve, and retained on a 2.3-mm sieve, were used. Treatments applied to the urea granules are shown in Table 2 . The method of treatment of the fertilizer granules was as follows. One hundred grams of sieved urea granules were placed in a plastic bag, and 1 mL of diluted fertilizer additive added slowly (about 0.05-0.1 mL at a time, with continuous agitation). The amount of additive placed on the urea granules was 110% of the labeled rate. A preliminary study, using a dilute FeEDDHA solution as a dye, revealed that approximately 10% (0.1 mL) of the 1 mL volume was retained on the plastic bag (data not shown). It was desired to test the additives at the full labeled rate of each additive, with minimal loss due to the application process. After preparation, the granules were stored at -10°C, and brought to room temperature in a desiccator before weighing and application. Three runs of this study were performed. Except as noted below, all three runs were identical except for the soil used. Soil was weighed in 500 g lots and placed in polyethylene bags. Water was added for a 1-wk preincubation period. The Renshaw, Glyndon, and Nicollet soils were incubated at 100, 140, and 200 g kg -1 water content, respectively. After the preincubation period, a bag of soil emptied into a 15-cm diam. plastic pot, providing a depth of soil in the pot of approximately 3 cm. Fertilizer granules were added at a rate of 177 mg N pot -1 , as urea, urea + Nutrisphere-N applied as described above (NSN-1), Nutrisphere-N applied to the granules by the urea manufacturer (J.R. Simplot Company, Boise, ID) (NSN-2), urea plus NZone, and urea plus Agrotain Ultra (AU). The rate of N was chosen to be similar to an application rate of 100 kg N ha -1 , based on soil surface area. The rates of the additives were the recommended labeled rates for granular urea. Each pot was covered with a 2.5 cm thick polyfoam sponge moistened with water. After 2, 4, 7, and 10 d, pots were destructively sampled by extraction with 1 L of a saturated gypsum solution for 15 min. The filtrates were analyzed for urea by the method of Watt and Chrisp (1954) for the Renshaw soil, and by the method of Mulvaney and Bremner (1979) for the Glyndon and Nicollet soils. A urease inhibitor was not added to the extracting solution, as preliminary studies indicated that urea hydrolysis during extraction was less than 5% of the initial application (data not shown). The experiment was conducted in a laboratory with a temperature of 20 to 22°C, and was conducted as a randomized complete block design with three replicates.
Ammonia volatilization study
This study was performed in two separate runs, and was performed in a greenhouse. The two runs were identical, except for the soil used. The first run utilized a Renshaw soil, and the second run utilized a Glyndon soil. Two kilograms of soil were placed in 15-cm diam. pots and moistened. The Renshaw soil was moistened to 120 g kg -1 and the Glyndon soil to 150 g kg -1 water. Each pot had a 2-cm diam. plastic pipe installed vertically, so that subsequent water applications could be made to the bottom of the pot. The pots were weighed, and the weight recorded on the pot. Each pot was covered with a moist polyfoam sponge, about 2.5 cm in thickness, to slow evaporation. The pots were allowed to incubate for a week to reestablish microbial growth.
After the preincubation period, the sponges were removed, the pots weighed, and water added to the plastic pipe to the original weight of the pot. All subsequent applications of water were also made via the plastic pipe, so that the movement of water during the ammonia volatilization period was only in an upward direction.
The treatments were the same as for the urea hydrolysis experiment. After applying the granular fertilizers to the surface of the soil, a polyfoam sponge, moistened with a phosphoric acidglycerol solution to allow for the slow drying of the soil, and the entrapment of ammonia leaving the soil (Nômmik, 1973) . The entrapment solution contained 100 mL of concentrated phosphoric acid and 125 mL glycerol, diluted to 2.5 L with water.
After 2, 4, 7, and 10 d, the sponges were removed, each pot placed on a scale, brought back to the original weight by adding water to the bottom of the pot via the plastic tube, and a fresh acid-treated sponge installed. The sponges were also removed after 14 d. The sponges were extracted with 250 mL of 0.1 M HCl, and a 10-mL aliquot analyzed for ammonium by steam distillation (Bremner and Mulvaney, 1982) . The experiment employed a randomized complete block design with four replications.
Nitrification Experiment
The nitrification experiment was performed in three runs. Each run was identical, except for the soil used. The three soils were Marvyn (fine-loamy, kaolinitic, thermic Typic Kanhapludult), an Ultisol derived from sandy marine sediments, Renshaw, and Glyndon (Table 1) . Soil was weighed into 250 g lots, placed in polyethylene bags, moistened, and incubated for 1 wk. Water contents were 100, 120, 150 g kg -1 , for the Marvyn, Renshaw, and Glyndon soils, respectively. After 1 wk, one bag was emptied into a 10 cm diam. pot. Fertilizer granules were spread evenly across the soil surface, followed by the application of the contents of a second bag of moist soil to cover the fertilizer pellets. The weights of the pots were recorded. Each pot was covered with a lid with 10 1 mm diam. holes for aeration, and placed in an incubator with elevated humidity at 20°C. The treatments were a control, urea granules, urea + NSN-1, urea + NSN-2, urea + NZone, urea + Instinct, and SuperU (Table 2 ). The rate was 79 mg N pot -1 , or 158 mg N kg -1 , approximating an application rate of 100 kg N ha -1 , based on the soil surface area. The pots were placed on a scale weekly and brought back to the original weight by applying water evenly on the soil surface. After 2 and 4 wk of incubation, four pots of each treatment were taken from the incubator for destructive sampling. The soil was mixed, spread thinly, air dried, crushed to pass a 2-mm sieve, and mixed again. Ten grams of soil were extracted with 100 mL of 2 M KCl for 1 h, and the filtrates analyzed for ammonium N and (ammonium + nitrite + nitrate)-N by the method of Sims et al. (1995) . The content of (nitrite + nitrate)-N was obtained by subtraction. The experiment was conducted as a randomized complete block design with four replicates.
The data from the three experiments were analyzed using analysis of variance, with mean separation performed using Duncan's Multiple Range Test (Steel and Torrie, 1960) . Used as supplied by the manufacturer † NSN-1, Nutrisphere-N for Granular; NSN-2, urea granules supplied by the manufacturer pretreated with Nutrisphere-N; AU, Agrotain Ultra.
‡ Assumes a loss of 10% of the additive on the walls of the bag used to mix the fertilizer and additive, see text.
rEsults And dIscussIon urea hydrolysis Experiment
The results for the urea hydrolysis experiment are shown in Table 3 . For the Renshaw soil, hydrolysis was rapid, and was essentially complete after 4 d for unamended urea granules, or urea treated with NSN-1, NSN-2, or NZone. Amending the granules with AU slowed urea hydrolysis significantly throughout the 10 d incubation. A small amount of dissolved organic matter from the hydrolysis of urea gave a slight apparent positive urea value (7-8 mg urea-N kg -1 ) after 10 d of incubation, as the method of Watt and Chrisp (1954) produces a chromophore that absorbs at a wavelength of 420 nm, similar to dissolved organic matter, so the diacetyl monoxime method of Mulvaney and Bremner (1979) was used for the other two soils.
The results were similar for the Glyndon and Nicollet soils. Urea hydrolysis was essentially complete after 7 d for urea, urea + NSN-1, urea + NSN-2, and urea + NZone. Amending the urea with AU inhibited urease throughout the 10 d incubation period.
The results of the urea hydrolysis experiment (Table 3) do not support a suggested mode of action of Nutrisphere-N as a urease inhibitor for granular urea, where the MIP diffuses away from the granule, acidifies the soil, and inactivates urease by Ni removal (Mazzei et al., 2018) . The results confirm prior reports showing that Nutrisphere-N has little or no activity as a soil urease inhibitor (Franzen et al., 2011; Goos, 2013a; Goos, 2018) . No claim of urease inhibition has been found for NZone, and no inhibition was observed.
Ammonia volatilization Experiment
The results of the ammonia volatilization experiment are shown in Table 4 . Ammonia loss was substantial for the Renshaw soil, reaching 84 mg N pot -1 of 177 mg applied, after 14 d for the untreated urea granules. Amending the granules with AU substantially reduced ammonia loss at each sampling date, agreeing with urease inhibition previously observed (Table 3 ). There was a trend for urea + NSN-2 to have less ammonia loss than unamended urea (77 vs. 84 mg N pot -1 after 14 d). It is not known why this was observed for NSN-2, but not NSN-1.
Overall ammonia loss was less for the Glyndon soil than for the Renshaw soil (Table 4) , with 51 mg N pot -1 lost after 14 d for unamended urea, versus 84 mg pot -1 for Renshaw. The lower amount of ammonia loss from the Glyndon soil is is likely due to the higher clay content and cation exchange capacity of the Glyndon soil (Table 1) , which is associated with reduced ammonia loss (Sunderlage and Cook, 2018) . The additives NSN-1, NSN-2, and NZone were ineffective in reducing ammonia volatilization, whereas AU reduced volatilization significantly at all sampling dates. Table 2 ; NSN-2 Nutrisphere-N applied by the urea manufacturer; AU, Agrotain Ultra.
‡ Means for each soil/sampling date combination followed by the same letter are not significantly different at the 0.05 level, by Duncan's Multiple Range Test. § SE = Standard error. Table 4 . Cumulative ammonia loss from two soils, as affected by fertilizer additives applied to urea granules. The initial application was 177 mg N pot -1 .
Treatment † Days after fertilization 2 4 7 10 14 -------mg N pot -1 ------ Renshaw soil  Control  0a ‡  1a  2a  2a  3a  Urea  27cd  61d  74d  80d  84d  Urea + NSN-1  28d  61d  72cd  77cd  81cd  Urea + NSN-2  25c  57c  68c  73c  77c  Urea + NZone  26c  61d  72cd  77cd  81cd  Urea + AU  3b  13b  33b  49b Apart from the slight reduction in ammonia volatilization given by NSN-2, for the Renshaw soil (Table 4) amending urea granules with Nutrisphere-N did not slow ammonia loss, compared to untreated urea granules. Goos (2013b) showed that the highly acidic formulation of Nutrisphere-N for liquid fertilizers changed the pH of a UAN solution from 6.9 to 3.7, and gave a small reduction (an average of 11% over four experiments) in ammonia loss, compared to unamended UAN. Ammonium thiosulfate and AU were more effective, however. Amending the UAN with ammonium thiosulfate or AU reduced ammonia loss by 40 and 52%, respectively.
Nitrification Experiment
The effects of fertilizer additive on residual ammonium and (nitrite + nitrate) levels in the Marvyn soil are shown in Table 5 . This soil is very sandy (Table 1) , and nitrification was the slowest of the three soils, with about half of the applied N (74 mg kg -1 of 158 mg kg -1 applied) present as ammonium after 2 wk of incubation. There were no significant differences between the residual ammonium present in the unamended urea treatment and the urea + NSN-1, urea + NSN-2, or urea + NZone treatments at either the 2 or 4-wk samplings. Residual ammonium was the greatest with the urea + Instinct treatment at 2 wk, and for SuperU at 4 wk. It is possible, at the 2-wk sampling, that the SuperU treatment still contained some unhydrolyzed urea, as the soil was very sandy, and SuperU contains NBPT. The residual (nitrite + nitrate) data support the findings with regards to ammonium. The least amounts of (nitrite + nitrate) were found in the urea + Instinct, and SuperU treatments.
Nitrification was somewhat more rapid in the Renshaw soil than the Marvyn soil (Table 5) , with about 40% of the initial application recovered as ammonium after 2 wk of incubation, for the unamended urea granules (60 mg N kg -1 , vs. 158 mg kg -1 applied). Otherwise, the results were similar for the Renshaw soil as for the Marvyn soil. Urea + NSN-1, urea + NSN-2, and urea + NZone gave similar ammonium and (nitrite + nitrate) values as for unamended urea granules, indicating that these additives did not function as nitrification inhibitors. SuperU and urea + Instinct gave similar values for ammonium and (nitrite + nitrate) at 2 wk, but the inhibition seemed to be greater for SuperU at 4 wk, as ammonium levels were greater, and (nitrite + nitrate) values lower for the SuperU treatment than for urea + Instinct.
Nitrification was very rapid for the Glyndon soil (Table 5) , with only 11 mg kg -1 of the original application of 158 mg kg -1 remaining as ammonium after 2 wk. As with the other two soils, there was no indication that amending urea granules with NSN-1, NSN-2, or NZone functioned as nitrification inhibitors, as residual ammonium and (nitrite + nitrate) values were similar as for unamended urea granules. SuperU and urea + Instinct gave greater ammonium values than unamended urea after 2 wk, but nitrification was largely complete with these treatments also. After 4 wk, it was possible to detect an increase in residual ammonium in the SuperU and urea + Instinct, over the unamended urea granules, but the effect was small (6-15 mg kg -1 vs. 2 mg kg -1 ).
The nitrification experiment (Table 5) does not support the claim of Sanders et al. (2010) that the MIP in Nutrisphere-N inhibits nitrification by inhibiting the enzyme ammonia monooxidase. This study agrees with Franzen et al. (2011) , where it was shown that treating urea granules or liquid fertilizers with Nutrisphere-N did not slow nitrification. Amending urea granules with NZone had no effect on nitrification, which agrees with the study of Rajkovich et al. (2017) who found no inhibition of nitrification when NZone was applied with UAN fertilizer.
conclusIon
The results of this paper do not support the use of Nutrisphere-N or NZone as additives to granular urea for the purpose of N conservation, as there was little effect of these two additives on urea hydrolysis, ammonia volatilization, and nitrification. However, the data do support the use of established additives, such as NBPT, nitrapyrin, and DCD. 10 † NSN-1, Nutrisphere-N applied as described in Table 2 ; NSN-2 Nutrisphere-N applied by the urea manufacturer; AU, Agrotain Ultra. ‡ Means for each soil/sampling date combination followed by the same letter are not significantly different at the 0.05 level, by Duncan's Multiple Range Test.
§ SE = Standard error.
